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ABSTRACT 


A program was undertaken to investigate the dynamic re- 
sponse of cylindrical shell panels to impulsive loads. Hot-- 
rolled mild steel and aluminum 6061-T6 panels of various 
thicknesses and two panel sector sizes were loaded internally 
with DuPont "Detasheet" explosive. Calibration tests were 
conducted to determine the specific impulse of the explosive. 
The explosive impulse was sufficiently high to result in per- 
manent plastic deformation of the shell panels. The final 
permanent deflections of the panel specimens were measured. 
Plots were made of the center deflection of the specimen as a 
function of the initial velocity and of the center deflection 
as a function of a nondimensional impulse parameter. Compar- 
ison of the results of tests on specimens made from mild 
steel, a strain-rate sensitive material, to those of aluminum 
S0et=T6, which 1s insensitive to strain-rate, revealed that 
the permanent deflections of the mild steel specimens were 
meaweed, IThuStit 1s concluded that the effect of material 
strain-rate sensitivity is important and must be considered 
in analyzing the response of cylindrical shells to impulsive 
loads. It is also concluded that the influence of geometry 
changes is insignificant on the cylindrical shell deflections 
in these tests. 

Although, to the author's knowledge, there are no pre- 
f-tewencorerlcal methods of analysis with which these results 
may be compared, rigid-plastic methods of analysis are being 
developed at the Massachusetts Institute of Technology. Tt 
is hoped that the results reported here will aid in assessing 
these methods of analysis. 
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NOMENCLATURE 


thickness o£ sneet explosive 
thickness of specimen 

total impulse 

specific impulse 

semieleneth of cylindrical panel 
mass of specimen 


average velocity of calibration specimen during h, 
rmeNes Of (brave! | 


inbeLal velocity or eee 
weight of explosive 

GadLucmen disc 

mean diameter of cylindrical panel 
elongation 


distance of calibration specimen travel from inital 
DORE Bale) @ 


imeocermel. 2. 34.) 

radial direction in polor coordinate system 

Pic wumee olor onespectmen LO travel h, inches 
coordinates defined in Figures 2, 6a and 6b 
radial deflection of specimen 

maxinum permanent radial deflection of specimen 
permanent radial reflection at center of specimen 
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NOMENCLATURE (continued ) 


V kinematic viscosity 

p mass density 

Op yield stress of specimen material in simple tension 
On ultimate tensile stress of specimen material 

Q circumferential Length of cylindrical panel 


$,,fy rotation of calibration specimen about x~axis, 
yraxls 





LNTRODUCTION 


Interest in the analysis and prediction of dynamic and 
permanent plastic deformations of structures has increased 
greatly during the past two decades. A wide range cf mate- 
Yials in increasingly complex structural shapes are often 
required to perform under conditions wnich challenge the 
limits of mechanical strength and endurance of the struc- 
ture. For example, in explosive forming of material into 
Structural shapes, it may be necessary to predict the max~ 
imum energy which the material can absorb before failing. 
Or predictions of damage to structures which are involved 
in collisions with othar bodies or subjected to explosive 
blasts may be of interest. 

Analytical studies of plastic behavior of structures 
have been greatly simplified by the assumption that the ma- 
terial is rigid, perfectly plastic. This so-called riside- 
plastic method of analysis has been shown by experiments 
to be generally valid under static loading conditions. Al- 
so, Symonds (1) indicated that the rigid-plastic analysis 
results in reasonable predictions of behavior of structures 
under dynamic loads when the external dynamic energy im-~ 
parted to the structure is at least ten times the amount of 
energy which could be absorbed by the structure elastically 
and when the duration of the Loading is short compared to 
the natural period of the structure. 

Hodge (2, 3) investigated the response of a rigid, per- 


Fectly plastic cylindrical shell wnich is reinforced period- 


Soe 





meqmiliy salen? its axis with circumferential ring stiffeners 
and subjected to uniform radial. dynamic pressures. ‘The rig- 
id-plastic approach was used with further assumption that 
strain-rate sensitivity of the material and geometry changes 
that might occur during deformation may be neglected. Other 
theoretical analyses of cylindrical snells subjected to var- 
lous boundary conditions and types of dynamic loads invoked 
these same assumptions (4, 5, 6, 7 etc.). Jones (8) includ- 
ed the influence of changes in geometry in his theoretical 
analysis of cylindrical shells and concluded that "...geom- 
etry changes influence markedly the shell behavior even for 
quite small deflections and, therefore, they should be re- 
tained in any dynamic analyses of cylindrical shells with 
axial restraints", 

Several experimental investigations have indicated that 
strain-rate sensitivity and finite-deflections influence the 
plastic behavior of such structures as beams, cantilevers, 
and plates subjected to impulsive loads (9-14). Florence 
(15) investigated the buckling phenomenon in cylindrical 
shells, and a similar experimental investigation of buckling 
of cylindrical panels was undertaken at Picatinny Arsenal 
(16). As for as the author is aware, no experimental or the- 
oretical studies on cylindrical shell panels subjected to in- 


ternally applied impulsive loads have been published. 


cr 


This experimental study presents the results of tests 
on circular cylindrical panels which were subjected to in- 


ternally applied uniformly distributed impulsive velocities 


ae 





with sufficient initial energy to cause plastic deformation 
of the panel. The panels were clamped on all four edges or 
on two edges only, and were made of either mild steel or al- 
uminum 6061-T6. Since mild steel is very sensitive to 
strain-rate and aluminum 6061-T6 is strain-rate insensi- 
tive, a comparision of the results allows the influence of 
strain-rate sensitivity to be estimated. Tne influence of 
finite-deflections is indicated by a non-linear deflection 
VS. impulse plot of the results, 

It is hoped that these results may aid in assessing 
such numerical procedures as that devised by Leech, Witmer, 
and Pian (17) and in developing approximate rigid-plastic 
methods of analysis such as the present investigations in 
this area being undertaken in the Department of Naval Ar- 
chitecture and Marine Engineering at Massachusetts Institute 


of Technology. 
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EXPERIMENTAL DeETALLS 


DuPont "Detasneet" explosive in a range of thiclkness-~- 
es from .010-inches to .045-inches was applied to the sur- 
face of cylindrical shell panels. The panels were of two 
sizes, approximately 180-degrees and 90-degrees in circum- 
ference. All cylindrical panels were approximately 6-inches 
Meme and 4-inches in outside diameter. The explosive in- 
tensity was sufficient to cause measurable permanent plas- 
tic deformation of the specimens. 

The majority of cylindrical shell specimens were 90-- 
degree panels. These specimens were of two neminal thick- 
nesses, .0S-inches and .12-inches, and two materials, hot-- 
rolled mild steel and aluminum 6061-T6o. They were formed 
from plate stock in a rolling machine to the 4-inch dia- 
meter. The 2-inch flanees (for clamping) were formed in 
a brake press. The steel specimans were annealed and the 
aluminum specimens were heat treated to the To condition 
after the forming process. The specimen surfaces were clean- 
ed with a wire wneel and a fine emory cloth. Variation in 
thickness was found to be Less than 1,0003-inch. Figure I 
illustrates the 90-deagree specimen in its clamps. The clamps 
were made of %-inch thick steel plate. They were serrated 
and case-hardened in an attempt Sopensure hae Lully Cranips 
ed support condition, with no slippage of the specimen, 
would exist. | 


The 
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SO-degree specimens were cut and milled in the ma- 
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chine shop from commercially available steel and aluminum 
tubing. The hot-rolled steel was welded tubing. The weld 
was not included in the specimen. The aluminum 6061-To 
specimens were milled from .226-inch thickness, 4-inch out- 
Side diameter pipe. ‘The specimen surfaces were left in the 
milled finisn. The clamps were made from cold-rolled 1018 
steel seamless tubine. They were also serrated and case-- 
hardened. Hither all four edges or two edges were clamped. 
meeares Za and 2b illustrate the 180-degree specimen in its 
clamps. 

Tne 180-degree specimens were loaded with "Detasheet" 
exploSive over the entire inner surface for most tests. 
Three 180-degree mild steel specimens were loaded exter- 
nally with Detasheet over an area 3-in x 4ein on the geo- 
metric center of the specimen's outer surface. These three 
tests were conducted to examine the response to an external 
load of the 180-desree, 2-edges-clamped specimen and its 
clamp apparatus, 

The 90-degree panels were loaded over a 2-in x 3-in 
rectangular area of the center of the inner surface. 

A %-inch layer of low density (.027 g/em?) polyeure- 
thene foam was employed as an attenuator between the sheet 
explosive and the specimen surface. This explosive-atten- 
uator system was calibrated and found to have a specific 
impulse of 17.69 x 104 dyne sec/g or 0.3977 1b sec/g (see 
Appendix A). It was only necessary to weigh the explosive 


to compute the actual impulse imparted to the specimen in 





each test. DuPont 4684 cement was used between the "Deta- 
sheet"", foam, and the specimen. 

The specimen-clamps arrangement (Figure 1 or Figures 
2a and 2b) was bolted to the metal support table (Figure 
3). The table was constructed of %-inch steel plate and 
6-in x 4-in I-beams. It was used for supporting specimens 
in all tests, including the impulse calibration tests. Fig- 
ures 4a and 4b illustrate the general arrangement of appa- 
Matus for the tests, A "Detasheet" leader .125-in x .010-~- 
in x 20-in was employed between the explosive sheet and a 
No. 6 electric blasting cap. The leader was attached to 


fe 
ae 


the geometric center of the explosive sheet on the specimen. 
In somwe cases, the leader was split, with the two ends at- 
tached to the explosive sheet symmetrically about its cen- 
ter. The most effective mathod of attaching the leader was 
simply pressing the end of the leader into the sheet with a 
finger. Tne split leader was used so that the effect of 
the leader on the specimen deflection could be observed. 
The deflections were measured to the nearest 0.00l-~-in. 
or 0.000l-in. by dial gauges arranged as in Figure 5. The 
measurements were taken prior to deformation and after de- 
formation with the specimen in its clamps. This procedure 
assured that any strain put on the specimen by the clamps 
would not affect the deflection measurements. The final 
deflection was measured at points in a erid 15-degrees cir- 
cumferentially by l-inch axially as illustrated in Figures 


6a and 6b, 


ese 





Tne average density of each material was obtained by 
carefully weighing several samples and measuring their vol- 
ume using a water displacement method. The density of mild 
ze 


eeeel was found to be 7.26 x 10 ile) steve: a The 180-- 


degree specimen aluminum had a density of 2.53 x 1074 1b 
Sec 2 fin’ while the 90-desree specimen aluminum material 
had a density of 2.51 x 107% lb see 2/in*, 

Appendix D presents the results o£ tensile tests con- 


ducted on the specimen materials. 
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Diecast ON OF RESULTS 


The experimental data resulting from impulsively lLoad- 
ed cylindrical shell panels of aluminum 6061-TO anid hot-- 
rolled mild steel. are summarized in Tables la, lb, 2a, and 
7. 

The experimental values of permanent deflections of the 
two-edees-clamped 90-deeree cylindrical panels resulting 
from uniformly distributed impulsive velocities (Vo), are 
presented for the aluminum 6061-T6 specimens and the mild 
steel specimens in Figure 13 and Fisure 14, respectively. 
The ean deflection occured at the center of the cylin- 
drical panel. in most cases, as expected; therefore, the cen- 
Bem point defiection, 6, , was used in all cases for consist: 
eney, Lt is seen that § is related linearly to the inital 
velocity for a particular specimen thickness over the range 
of velocities examined in these tests. It is noted also 
that the relation must become nonlinear at velocities lower 
than those examined here, since if the straight Lines are 
extended, thay do not pass through the origins in the plots. 
Similar results have been found for fully clamped rectangu-~ 
lar plates under impulsive loads (14). 

Tne permanent deflections are tabulated for each spaci- 
men tested in Tables 3, 4a, and 4b. Typical permanent de- 
flection profiles of the aluminum 6061-+T6 and the mild steel 
cylindrical panels are shown in Figures 15a to 15f. Since 


tne profiles are nearly symmetrical in each case, only half 
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Meeenlcs ace plotted. It is noted that the profiles of the 
four-edges-clamped mild steel 180-degree panels (Table 4a 
fa=cC) and Figure 15e) reveal the unusual characteristic that 
the minimum deflection occurred at the center of the panel. 
This was not expected and can possibly be due to relatively 
large slipping of the panels in the clamps. The 180-degree 
Specimens experienced slippage in all cases ranging from 
approximately 1/64-inch to 1/16-inch. The same clamps were 
used in three tests of externally ena specimens, and slip- 
page was not observed in these tests. Data from the exter- 
nally loaded specimens are tabulated in Table 4b. A typical 
profile is shown in Figure 15f. The 90-degree specimens 
Eemea mo evidence Of Slipping in any of the tests. 

The deflection parameter Cre) is plotted as a func- 
tion of the impulse parameter (A ) for the 90-degree mild 
steel and aluminum 6061-T6 cylindrical panels in Figure 16. 
It is evident from this figure that permanent deflections of 
Eee ts made tsonemilad steel are smaller than deflections of 
familar panels of aluminum G061-T6. This difference in de- 
flections is believed to be due largely to the influence of 
the Strain-rate sensitivity of the materials. The mild 
steel is strain-rate sensitive while the aluminum 6061-T6 
fe selatively ansensitive to strain-rate. 

The permanent deflections of mild steel and aluminum 
6061-T6 beams and plates subjected to impulsive loads have 
been shown in References (13) and (14) to be influenced by 


geometry changes. This influence is evidenced by a 
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nonlinear relation of deflection ratio (O/H) to impulse 
Pereameter (A) at relatively high values of A. Figure 16 
appears to show an approximately linear relation of these 
Pieameters Over the range of examined here. It appears, 
Eherefore, that bending only theory may predict results 
which closely approximate the experimental results over a 
range of 7 le less than 2.0. It is expected that an ye 
fluence of geometry changes on the deflection of impulsive- 
Ineteaded cylindrical shell panels would Demless. than tat 
observed in plates and beams. It is recommended, however, 
that further tests for investigating the influence of ge- 
emetry Changes on cylindrical shell deflections be conduct- 
ed at higher values of impulse which would result in de- 
felctions greater than twice the corresponding thickness 


of the shells. 
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CONCLUSIONS 


A series of experimental tests were conducted in which 
ereculear cylindrical shell panels of mild steel and aluminum 
6061-T6 were subjected to impulsive velocities of sufficient 
intensity to produce permanent deformation of the panels. 
Approximately 30 tests were conducted on panels of various 
thicknesses and two panel sector sizes. Most panels were 
90-degrees in circumference and clamped on two edges only. 

heer oeohownetnal the permanent deflection is linearly 
related to the initial velocity of the cylindrical panel 
over the range of velocity examined. It appears that this 
Eetation would be nonlinear at velocities lower than Choos 
used here, since extensions of the lines plotted do not 
pass through the origin. 

It is evident that the mild steel Specimen permanent 
deflections are less than those of geometrically Similar 
aluminum 6061-76 cylindrical panels subjected to the same 
magnitudes of impulse. It is concluded that this effect 
is due to the different material strain-rate sensitivities 
of the two materials tested. 

Geometry changes appear not to influence the permanent 
detlections of the cylindrical shell panels tested. Thus, 
it is concluded that finite deflections may be disregarded in 
geergid—pkastic analysis of the response of evieincetes shell 
panels to impulsive loading when aie is less than approx- 
imately 2.0. It is recommended that the range of impulse 


be extended beyond that examined here in further tests to 
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determine the influence of geometry changes for deflection 


maetos sreater than 2.0), 
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REMARKS CODE FOR TABLE 2b 
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four edges clamped 
specimen slipped im clamps 


Detasheet covered 2-in x 3-in rectangular area of 
specimen center - two edges clamped 


vary slight shear of specimen at clamped edge 
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leader split into at spec 
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cally about center of D 
Specimen completely sheared at one clamped edge 
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APPENDIX A 
CALIBRATION OF EXPLOSIVE LMPULSE 


Preparation of tne Explosive 

Tne explosive used was DuPont "Detasheet" EL506D. Its 
composition i.s 63% pentaerythritol (PETN), 8% nitrocellulose, 
and the remainder an elastomeric binder. It was delivered 
in rectangular 10-inch by 20-inch sheets of .010, .O015, and 
.030-inceh thicknesses, 

Each explosive sample was weighed to the nearest 0.0] 
eram,. Its thickness was checked and found to vary a maximum 
of £,001 inches. The frequency of this thickness variation 
was high, so that effect of local thickness was considered 
negligible on the impulse per unit weight of explosive. 

The specific impulse of the calibrated explosive allows 
the impulse of the axplosive used in a particular Poe 
mental test to be determined by knowing the weignt of the 


explosive. 


The Galibration Procedure 

Tne specific impulse of the explosive was determined 
by a series of calibration tests which were independent of 
the cylindrical panel experimental tests. The general methe- 
od of calibration was that of maasuring the velocity of a 
Circular disk which had b2en accelerated cither upward or 
downward by the explosive. Tne specific impulse of the ex» 
plesive is related to the measured velocity by the formula: 


Io = Me Vo dyne sec/g 
W e 
Bf |e 





Most specimens were 1/8-inch thick, 3-inch diameter 
mild steel disks. However several 180-degree, 3-inch diam- 
eter cylindrical panels, and 3-inch chord, S-inch Clameter 
spherical caps were alse tested in an attempt to estimate 
the effects of curvature of the specimens on specific im- 
pulse. Figure 7 illustrates the three types of calibration 
specimens. 

Figure 4a presents the general arrangement of apparatus 
for the calibration tests. Figures 8 and 9 show detailed 
arrangements for tests of downward eecelerated disks and 
upward accelerated disks, respectively. The velocity of the 
disk was determined by Fastax (Wollensak WFe2) framing came 
era. The camera was focused on the edge of the disk and 
photographed the first several inches of its flight. The 
disk was surrounded by a baffle plate %-inch from its edge 
so that smoke from the blast would be kept from the camera 
field of view. A layer of low density (.027 S/om?) foam 
Yubber was placed with DuPont 4684 cement between the exe 
Dlosive sheet and the specimen. This foam attenveted the 
explosive and prevented pitting and spalling of the speci- 
men surface, A strip of explosive 1]/8-inch wide by 20-- 
inches long was used as a leader from the specimen center 
to a No. 6 clectric blasting cap which activated the ex- 
plosive. Tne leader was .010-inches thick for .010-inch 
thick explosive and .O15-inches thick when tests used great~ 
ex than .010-inch explosive. 

The camera time scal2 was provided by standard Fastax 


ES 





time calibration pulses froma 1l+KC frequency standard 
lightine a glow tube, the light from which was photographed 
on the film. The camera speed was approximately 12000 pic- 
tures per second (pps). One-hundred-foot rolls of Eastman 
Negative Type 7224 film or Kodak Reversal Type /278 film 
were used, and the blast (event) was delayed until 0.7 sec- 
onds after the camera started. This delay allowed the cam- 
era to increase to sufficent speed for maximum number of 
pictures taken during the specimen flight. 

Reference markers (graduated steel rule) exactly l-- 
inch apart were positioned parallel to the specimen flight 
path. The markers were close enough to the disk (1/16-- 
inch) so that parallax could be neglected when the camera 
aoe oe Poapenmreirac EO a line through tne disk center 
and the reference markers. ees 

Several assumptions were made in the impulse calibrae- 
tion tests. The edge of the disk was assumed to have the 
Sama velocity as its center. Departure of the disk from 


the vertical was assumed negligible. This appears to be 


ah) 


reasonably valid assumption from the photographs. Also, 
in at least two tests which were directed upward, the disk 
returned through the baffle hole. Interaction between the 
disk and the surrounding baffle was assumed neglible, It 
was also assumed that the chemical composition of the ex- 
plosive remained constant. The effect of air drag on the 
Specimom ihn a Cypical shot 1s shown to be negligible in 


Appendix B. The effects of rotation about the x and y axes 
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MMmomcalCculatced 17) tests where rotation is observed. A 


Sample calculation is shown in Appendix C, 


Results 

Table Al presents a summary of the results of the im- 
pulse calibration tests, 

Test Nos, 1-4 were of downward accelerated disks. The 
specific impulse valves varied greatly and ar2 inconsistent 
with the values computed from later tests, It is thought 
that the procedure in these tests of using masking tape for 
Supporting the specimens resulted in the loss of an indeter- 
Minate amount of energy and also excessive rotation of the 
specimens. This problem was solved in later tests by using 
two thin paper strips, approximately 1/8-inch wide, posi- 
Peomed across the bartle hole to support the specimen during 
the period immediately before the detonation. 

Tests Nos. 12 and 13 used .030-inch explosive with an 
upward directed blast. Tne photographs were completely ob- 
scured by smoke. The baffles were apparently ineffective 
for the upward blasts using explosive greater than .020+- 
inch thiclhness. 

The cylindrical panel and spherical cap specimens re~ 
Sulted in values which w2re consistently within the range 
eveles Of Pe ObLained from cisk specimens. Test No. 23 
photographs were completely obscured by smoke. Test No. 

23 was below the range of I,, but this could be partly due 
to the decrease in velocity at a distance 10-15 inches from 
its initial position. It is concluded that curvature effects 


on the specific impulse within the range of explosive weights 
tested are very small and may be neglected. 

Figure 10 shows the linear variation of impulse as a 
function of explosive weight. Table A2 presents the data 


1 


plotted. Representative tests over the range of explosive 
weishts used in the tests were plotted. Tnis represents ex- 
meoscive thicknesses from -Ol10 to .030-inches. It is seen 
that impulse increases linearly with explosive weight over 
the range of explosive calibrated. 

Table A3 is a summary of the tests used for computing 
the final average specific impulse. Other tests were dis- 
regarded for reasons of© inconsistences due to rotation or 
photographs obscured by smoke. Also, tests using curved 
Specimens were not used in the final average value. The 
ten tests used were all disks, five accelerated upward ana 
five accelerated downward, and the resulting average spe- 
cific impulse was found to be 17.69 x 10° dyne sec/g. This 
value compares to a Specific impulse of 18.52 x 10% dyne 
sec/g reported in the Picatinny Arsenal experiments (18). 
However, the latter experiments did not account for the 
effects of gravity and all tests were of downward accel- 
erated specimens. Neglecting gravity, the average specific 
impulse of the five tests accelerated downward (Test Nos. 
14, 15, 16, 19, and 20) is found to be 18.28 x 10% dyne 
sec/e. 

In comparing the results here with those of reference 
(18), the fact that in reference (18), the explosive was 
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detonated at one end of the specimen instead of at the 
specimen center, should be considered. With this in mind, 
Pie resultcs., neglecting eravity, reported nere compare fa- 
vorably to the results reported in reference (18 

A typical framing camera photograph of a cylindrical 


panel speciman in flight is presented in Figure ll. 
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SUMMARY OF IMPULSE CALIBRATIGCN RESULTS 


6 ® 


Win NO CAG SD EO 


e ® 


bet bt et et ND Pt ND 
eo e 
OWNS ON 


Zee 


Se 


32a 
ee 


7 62% 
65.99 


TABLE Al 


Sec. 


Geom, 


Disk 
Disk 
DiLSk 
Disk 
Disk 
DLSk 
Disk 
Disk 
Disk 
Disk 
Disk 
Disk 
Disk 
Disk 
Disk 
Disk 
Gy ls 
Gyl, 
Dislk 
Disk 
ap. 
Disk 
Dees 
Cap. 
Gye, 
Disk 
Disk 
Disk 
Gy le 


Blast 
Oey 


Down 
Down 
Down 
Down 
Down 


Down 
Down 
Up 

Up 

Down 
Down. 
Down 


rac 
OAT 


0.377 
Oren 


0.217 
OF 21\ 


0.37 


by 


Lad 
Oo" 


OR Oat 
214i 


Ore 


Ores 


0.4 





Remarks 


w Ww vw ue 
DO D9 DR POS 


NM? OM GH i 


1 in i SON nn 


= 





TABLE Al (continued) 


Test n 


No. 


ly 


On & Fo NF Din & GN Ee 


I~ ON re 


Nn eS Uo DD NU BwN re Cra Coe Nin B&O Ne 





Le 


7 
= 


® 


¢ 4a ue 4 


® 8 e 


° 


SISO NYP SI a EE i i MII DO SSID SS OOo Ue Uire Wa. Corn. © Oona & OO Sue 


* © 6 ° eo © @ 6 ° 
lnm uri nr ni Or Or 


NOMS UNE Hwwn DUNNO DANE oeww Nb DNPH Eww DNS Hby vo 


an on nn nt Gn 


3.49 


Ser 
Sno 
4213 
nay 
pelo 
6.46 


4.05 
i. o> 
o> 
Die oD 
eo 
Vile) 


Dea 
em/se 


172,06 
132s 
Lae 
TS. O6 
Vee 
ia 


122256 
ees 
14201 
15026 
192 
1 feet 


142.1] 
OOS 
eae 
LGG/ 


122-6 
eras 
ae. 
150.6 
15932 
ia 


Loar 
deere 
Loc 
lowe 
1T70Re 
18425 


PAees 
Iee.0 
ese 
LAG, 
San 7 
Oc 


eee 
Reroeeet 
eee? 
162.09 
Opec 
ee ara 


aaa 





Vin 


cin/sec 


Se ee 
Oyen, 
4167.9 
W279 6 
4280.8 
{Ea oeS 


1657 o& 
Oey a2 
leli7A9 
180924 
17908 
1760.9 


Siero 
DD rel: 
4160.4 
{1 Bie 


L0es.4 
PO2Z7 2 
1025.9 
LO4709 
LOA eG 
983.9 


“woZi eS 
“4876 4 
£914.7 
4962.9 
4990.4 
S004 


PST o 
240340 
ZS 
Zsa. 
Daou 
Te Grae 


Pao 
Zoe 
Zona] 
CoO 
7D 2c 
OG. > 


V i 
O O 


cm/sec 


aS oe ee 


4149.8 LO 
Oa 13429 
4210.0 14.97 
Oe) ee? 
A944 4 LomiGs 
2416.6 16.88 
2542.5 Le oo 


/ 
Omiya sae, & 





TABLE Al (continued ) 





Test n 
No. 

il 

Z 

9 3 

dy 

5 

6 

] 

2 

10 5 
d, 

5 

6 

] 

2 

ll S 
dy 

5 

6 

1 

Z 

14 3 
i i 

5 

6 

1 

2. 

15 3 
Ly 

5 

6 

16 1 
Z 

1 

2 

18 3 
2 

5 

l 

2 

19 3 


hy 


1h 


AZO 
Oe75 
4.25 
ig 7D 
aa 


SPs 


Gig D 
Ce 
Mei 
fal 
Nie 
eyo 


e °e © e © © © ® © 6 ° @ e © ° 


rw ae oS eo Ooo OMe: F2 etre 


ww An HWwnMm PD OME HWwo PAN &&w w 


e 8 e 


oa 


tiScic 


69 
L486 
ie, 
Deo 
2.60 
oeez 


eos 
Zl 
Deed 
Zee 0 
3.03 
34936 


127 

1895 
2-20 
Zo 
ao 
SRO 


1.7 

iyi5 
2,020 
2 ead 
216 
S72 


° 6 © e ° 6 
tn ~! OO how! Com & ro wn 
NO Ww in 


6 ® 


6 


Won C= 


© 


Wm OI Go WW DN UO PO PO DOR 


° 
in 
SD) 


Lise? 


— 
- 

“i 
NO 


eo 
2502 1 


a 


em/sec 


128.0 
barens 
enGre 
1 be 7 
67.9 
170 xG 


128.0 
Lao 
146 74 
1 Soh 
bO7n oO 
Uys 


117.8 
128.0 
13735 
De 
152-47 
Orc 


W220 
3243S 
ee ol 
1506 
oe 
174.1 


Vn 


cm/sec 


“498685 .0 
5205.8 
507664 
De oe] 
SO 27 
5010.4 


4198.0 
&h6 land 
du De Opeit 
CGA aea/ 
NE ee) 
OS Ae att 


eae 
Oe aor 0 
COG Jens 
6556.4 
“62 aa/ 
A OLae 


“357,46 
4427.2 
£477 .9 
COO at 
£4.45 .8 
4285.9 


Ce iealt 
L497 .2 
Ciel 7 29 
4509.4 
4545.8 
4365.9 


4540.8 
Cees 


rela 
1462.6 
ae), 
1494. ,2 
1479.1 


Oe Oe 
oo 6 i 
Ae) ogo 


em/sec 


Sloe 


GO6 ited 


LE ae 


4417.3 


Ce) 


LEN eS 


1468.2 


LB Sch © 8 


17265 


Wie 


Lise> 


Lyaoe 


17.91 


igo 


Lise? 


VO? 


lo“dyne sec/g 


TABLE Al (continued) 


Test n 
No. 
19 Ly 
5 
6 
i 
2 
Z0 3 
di, 
5 
6 
1 
Z 
21 3 
4, 
> 
6 
l 
2. 
a 5 
4 
5 
6 
1 
2 
23 3 
d, 
5 
] 
2 
24. 3 
b, 
5 
6 
I 
2 
26 3 
4 
iL 
Ze 2. 
3 
hy 


ae 


[ote 
pa 


o © 6 e ® © 


e a e ® ° ° 


® © ® e 


e es e@ 
iri ni rn On fr Ot On on 


° > 


e 6 © 6 8 e 


Se = Og o'@ OONOn © NONI DO NI DO NINN ND OOM OMNO® OS Oa @ Cra 


e e@ 


e 


fat pad pons fa fat fet 
NWO NEMO ON Un & & Uo Uo (n ss Bs Uo Oo in Un & & Go Uo Nin & B Go Oo OV nn & & Oo Go Nin & 
8 e ® e e e 





3.44 


ee 
ea 
Dees) 
ZO 
eos 
S70 


Ze0) 
Die 0 
Ze 
2.58 
ean 


1.70 
05 
Dea 0 
Zee 
Ze ® 
8620 


DRS 
Bo! 
cee? 7 
aes 


Dre 
Bree 
3,0D 
4.84 


220, 


em/sec 


loco 
150%2 
17a. 1 


2G 
132.6 
ie Del, 
150.6 
159.7. 
eee 


226 
132.8 
Fog) 
OO 
Poy 
ee 


173-0 
17, 3 
146 .4 


bs! 


Nez 9 
1702.4 


22.0 
eos 
146.4 
Se, 
ORG, 


V2 6 
eG 
14771 
LOG 
oo 
1/41 


20S 
ZALa SS 
264.1] 
Zoe 


ZAG ee 
23543 
ZOD 
282 33 


ois 





V 
n 


em/see 


£349 4 
iy One 
Aline!) 


397 F3o 
CEC har 
4167.9 
77 
4280.8 
155.9 


Le 7 eee 
MODE oe 
Cea 
4379.4 
£400.8 
4265.9 


E23 5oK0 
4467.3 
Go Ont 
beh Lor. 7 
KGW 2-32 
4730.4 


Ce) 
7277 3 
4.386 4 
bu Stiline 7 
oe eo 


4595.0 
4691.8 
LG yas 
4815.9 
4862.9 
4936.6 


Sooo? 
SL Si/ 
8063.8 
Loo. 


Sion. 
S72 
Sr Zi oglt 
Caney) 


V 
O 


cm/see l0*dyne sec/e 


4149.8 


4294.8 


4564.9 


“207 49 


Le eel 


MZ iaal 


So 50o 


2 





I 


O 


ees 


1698 


oe 


Feo 


LOeo. 


oe OF, 


SOT ir eae WS 





TABLE Al (continued) 


st h C 
fest on n n 


No. in msec 


1 10.0 Gree, 
29 Peet .0 Ae 
See 20 Laa5r: 
Co |.) Le? 


Final average specific impulse qo 


2ehn 
em/sec 


Zeus 
24: ts © > 
264.1 
On 


— 7 = a Pa eer cc Mg Rs TOSCO 


Vise V I 
li O O 
cm/see cm/sec 10“tdyne sec/¢ 
2487.5 
2436.2 2395.4 14,36 
FLENS LW 
eS 


i} 


if} 


17.69 x 10% dyne sec/g 
0.3977 1b sec/g 





REMARKS CODE for TABLE Al 


ly Oo oe 


— 


oO nN DD & 


in colum 1 indicates that resulting specific impulse 
For the test is inculded in calculation of final average 
specific impulse 

specimen held by masking tapa before detonation 
rotation about x-axis (M5) is approximate 

explosive only partially detonated ~ no results 
photographs obscured by smoke ~ no results 

specimen rested on paper strips before detonation 
photographs not taken of event - no results 


rotation slight but negligible 


specimen accelerated at large angle from vertical -~ 
no results 


oe 





TABLE A2 
PeweerOR FIGURE 1O.LTOTAL EMPULSS VSa) EXPLOSIVE WELGHT 


TL at oN RE ee RE eke a ee 








Point No. Test No. ie “) HE 

g fo°dyne sec 
] 8 ce 7 Oo 
2 20 Let 4.3.87 
3 ie 264 47439 
d, Lg O72 46.43 
3 18 364% GOS 
6 Ze 200 Ooo 
/ 26 De 22 87.86 


oe 





a2 be Ate By Ne 
a a ; 


TABLE A3 


SUMMARY OF GALIBRATION DATA USED 
IN FENAL SPECIFIC LeMPULSs 


SP ah Ea NG REE a PE BE ELD 


Test Disk To 


WO. Direction 104% dyne Bec] 
§ Up Leo 
10 Up eS 
tal Up Ie 
aoe Down 17 §G4 
15 : Down ol 
16 Down 17%96 
19 Down Ne OW, 
20) Dorm Lee 
22 Up roe 
ZS Up TGs? 


Average specific impulse = 17.69 x 10% dyne sec/g 


: 053277 Mersec/e 


oS Lye 





APPENDIA B 
THE EFFECT OF ATR DRAG ON LTMPULSE CALIBRATION 


The reduction due to air drag of the specific impulse 
imparted by sheet explosive to a flat circular dish specimen 
is calculated. From reference (19), the formula for drag 


force is: 
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For a circular disk normal to flow, and Reynolds No. (Re) > 10°, 


Cq = Pelz (ret. 19.) 
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This imerease is negligible wnen compared to tha orginally 
calculated [Ip = 17.25% 10% dyne sec/g in Test No. 9. 

Thus it is shown that the effect of air drag on the 
specific inipulse is negligible in the range of explosive 


impulse calibrated in this report. 
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THE EFFECT OF SPECIMEN ROTATION ON LTiiPULSE CALIBRATION 


The total kinetic energy (KE) of the disk in 
flight is the sum of its translational energy and 
gies of rotation about its x, y, and z axes, The 
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The angular velocity about x-axis or y-axis ( x,y) for the 


initial six inches travel is then calculated by 
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The corrected specific impulse is 
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This is an increase of 0.45 x 10% dyne sec/g over the orige 
inally calculated to = 17.00 x 10% dyne sac/e. 

Thus it is shown that the effect of specimen rotation 
on specific impulse of explosive is typically small as a 
percent of the impulse computed neglecting rotation. How- 
ever, the effect is not negligible and must be considered 
in the final specific impulse. Tests in this report where 
rotation was observed were not regarded in tne final average 


specific impulse. 
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APPENDIX D 
MECHANICAL PROYERYITLES 


OF SPECIMSN MATERIALS 


Tensile tests on the specimen materials were conducted 


On an Instron testing machine. The average strain-rate used 


we) 


mathe tests was 0.02 in/in/min. 


9 


For the materials used in the 90-deeree specimens, the 
values used are averages of the results obtained from spec- 
imens cut with and across the grain. The 180-degree tensile 
Specimens were cut £rom the original cylinders in the axial 
GimeroccLon. 

The important values determined for this study are 
yield stress (0. ) ultimate tensile stress (0d. ) and percent 
elongation Cyc a. 

- The yield stress found here is the 0.2% offset yield 
streneth. This means that if the specimen is loaded to the 
yield stress, then unloaded, the length will be 0.2% greater 
than tne original gage length. Tne gage length was l-inch 
iiealt tensile tests, 

The ultimate tensile stress is the maximum stress that 
can be sustained by the material, the highest value on the 
Stress~strain curve. Typical stress~strain curves are shown 
Pieriecure JZ. 

Percent elongation is the ratio of increase in gage 
length to original gaze leneth at the point of fracture. It 


Pomuocd sO COMpanenunc GUCELILNEY Of tne materials. 
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The resulting properties obtained from the tensile 
tests on aluminum 6061-6 and mild steel specimens are pre- 
Penceaetaetaples Di and DZ. The higher values of GO, rep- 
resent the specimens cut with the grain of the material. 
The percentage difference between gq of specimens cut with 
the grain and across the grain ranges from 2./2% for alu- 
minum 6061-T6 of 0.125-inch thickness to 7.38% for mild 
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steel of 0.0/6-inch thickness, 
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MaCHANICAL PROPERTIES GF ALUMINUM 6061-T6 
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Cylinder Nominal. Ce ore bh @ 
Size Thickness 
deg in psi Dow ip 
180 side 36,000 42,000 12.3 
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TABLE D2 
MECHANICAL PROPERTLI 2S OF MELD STE 
Cylinder Nominal On Ge hb @ 
Size Thickness 
deg in psi poi ho 
180 160 51,700 57 ,000 1ea0 
SO 20 36,100 51,600 San 0 
00 20 517 GO 5% ,100 C7) 
90 .076 33,900 Loe DOO Zo30 
90 SOG 36 ,600 52,000 30.0 
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